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Abstract: Simulated ir absorption and vibrational CD (VCD) spectra of four alanine-based
octapeptides, each having its main chain constrained to a different secondary structure conforma-
tion, were analyzed and compared with experimental results for several different peptides. The
octapeptide simulations were based on transfer of property tensors from a series of ab initio
calculations for a short-alanine based segment containing 3 peptide bonds with relaijvé
angles fixed to those appropriate ferhelix, 3, -helix, Proll-like helix, and3-sheet-like strand. The
tripeptide force field (FF) and atomic polar tensors were obtained with density functional theory
techniques at the BPW91/6-31G** level and the atomic axial tensor at the mixed BPW91/6-31G**/
HF/6-31G level. Allowing for frequency correction due to the FF limitations, the octapeptide results
obtained are qualitatively consistent with experimental observations for ir and VCD spectra of
polypeptides and oligopeptides in established conformations. In all cases, the correct VCD sign
patterns for the amide | and Il bands were predicted, but the intensities did have some variation
from the experimental patterns. Predicted VCD changes upon deuteration of either the peptide or
side-chains as well as for°C isotopic labeling of the amide=€0 at specific sites in the peptide
chain were computed for analysis of experimental observations. A combination of theoretical
modeling with experimental data for labeled compounds leads both to enhanced resolution of
component transitions and added conformational applicability of the VCD spec®a2000 John
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INTRODUCTION (APT and AAT, respectively), the latter typically ob-

tained with what is sometimes referred to as the
In recent years the use of ir techniques for conforma- magnetic field perturbation (MFP) methdd3°Very
tional analysis of peptides and proteins has expandedgood results can often be obtained with the MFP
dramatically* In particular, the frequencies and rela- method by use of the density functional theory (DFT)
tive intensities of the components forming the amide approximation for introducing a partial correction for
transitions have traditionally proven to be the most configuration interaction thereby improving the com-
diagnostic characteristics for determining the average puted vibrational frequencies and consequently the
fractional secondary structure contents in protéifs.  appropriateness of the FF and normal modes from
In ir absorption, relative frequencies have been the which the VCD is simulated®~*’At the present time,
most utilized spectral feature because the band shapedhe large size of oligo- and polypeptides needed to
are not as variable as are found with differential attain a well-defined dominant secondary structure,
spectral technigues, such as CD, which are normally and thus are commonly studied experimentally, usu-
analyzed with band shape techniqdeS.This has ally prohibits direct simulation of their VCD with ab
resulted in analyses dependent on empirical rules for initio quantum mechanical methods. However, we
assignment of characteristic frequencies correspond-have already shown that even an approximate calcu-
ing to different secondary structure types, especially lation, at the HF/4-31G level for a pseudo-dipeptide
for the amide | band (composed primarily of the constrained tap, ¢ dihedral angles characteristic of
C=0 stretch on the amide linkag&}. Various re- selected secondary structure types, can yield simu-
searchers have demonstrated that this approach is todated VCD band shapes in qualitative agreement with
simplistic and leads to nonunique solutidts:*°As a the experimental resulf$.

simple example, while it is very well known that Recently Bour et &t? have developed a technique
a-helices absorb at 1650 cm * for proteins in DO, for transfer of the atomic polar tensors (APT) and
a-helical poly+-lysine'* and the highlya-helical ala- atomic axial tensors (AAT) parameters from an ab
nine-rich peptides based on (AAAAK) repettd?® initio calculation on a smaller molecule to align with

absorb below 1640 cnt. Recent quantum-chemical-  the structure of a larger molecule that encompasses
based force field (FF) calculations have demonstrated the smaller one as a fragment. These transferred APT
that even ideal, but finite-helices have spectral com- and AAT values can then be used with the normal
ponents spread over the whole usual amide | re- modes resulting from a similarly transferred FF pa-
gion!*1° Nonetheless, these empirical, frequency- rameters to produce simulated ir and VCD spectra. In
based relationships provide a useful means of charac-our initial study?° the method was tested by comput-
terizing at least the dominant secondary structure type ing the VCD of a glycine-based pseudo-tripeptide and
in many systems. That they lack a sound theoretical comparing it with results obtained using transferred
base is a challenge left to stimulate the development tensors from a pseudo-dipeptide. Subsequently, the
of improved theoretical methods. VCD of ana-helical heptapeptide was simulated from
We have promoted the use of vibrational CD calculations for a pseudo-tripeptide, where none of
(VCD) as an improved sensitivity diagnostic for sec- these pseudo-peptide molecules were configuration-
ondary structure type because it is a naturally differ- ally chiral nor had real side chains (other than hydro-
ential technique where analysis is dependent on bandgen). Nevertheless, those calculations were very
shape and has only a secondary dependence on frepromising and suggested that the method might use-
quency shifts of the component barfd®~*°Exam- fully describe characteristic VCD for different sec-
ples are known where a common secondary structureondary structures (VCD spectra afhelices in the
type, such as am-helix, gives rise to a conserved amide | have always been the easiest to reproduce
VCD bandshape but one shifted to different frequen- with any level of theory). If the method gave realistic
cies in different peptide§>?°~2?In analogy to band  spectral band shapes for different secondary structures
shape based ir studfés?® and to well-established and for other bands and could be adjusted to repro-
electronic CD studie3®?’°we have in the past duce the proper frequencies, it would be a logical next
developed empirical correlations of amide | and step to extend the method to simulate the VCD of
113233 and even amide [ff VCD band shapes with  mixed secondary structures and, eventually, of pro-
secondary structure. teins. This paper reports the first step in that direction,
For small molecule systems, VCD band shapes and simulation of the VCD and ir spectra of an octapep-
spectra can be simulated with very satisfying accuracy tide composed of-alanine residues and constrained
using ab initio quantum mechanical force fields and to the ¢,  dihedral angles characteristic of four
similarly computed atomic polar and axial tensors common secondary structure typashelix, 3,,-helix,
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poly-L-proline Il (Proll-like) helix, and g8-sheet-like Table | List of the Peptide Torsion Angles, Kept
strand. Constant for the Four Conformations of the Trimer

Recently, Fourier transform ir (FTIR) spectra of @and Used for Octamer Constructior?
isotopically labeled peptides and proteins have ap-

peared in the literatur® >°These observations dem- Conformation © ¥ ¢

onstrate that isotopic substitution can enhance resolu-,, .o a-helix 180  —a7 57
tion of vibrational spectra and provide a means of E: E8 B-sheet 180 124  —128
locally probing the peptide conformation in a site- g g 3 ,-helix 180  —30 —60
specific manner. As will be shown, an advantage of p, pg Polyproline II 180 149 78

the methods used in this study is that natural and

isotopically labeled peptides can be modeled consis- @Torsional gngles fop-sheet conformation are t_he averages of

tently. Moreover. the iSOtOpiC substitution leads to parallel and antiparallgd-sheet (for further explanation see té%f)

T L . . all other angles are stand&fd.

negligible additional computational cost in terms of

required computer CPU time.
Neglect of dipole coupling may indeed be a more serious
approximation. Miyazaw® developed a general perturbation

METHOD model and Krimm and co-workerfs®3~5¢and more recently
Mendelsohf” have used it to show that transition dipole

Peptide force fields and electric tensors for larger peptides were Coupling, particularly between strands, can lead to large effects
obtained using a method of transfering their Cartesian compo- in the B-sheet normal modes. These effects are much less
nents from small peptides that we have described recently in Significant for a-helices. The impact on the corresponding
detail*®5°The model tripeptide (with respect to the number of VCD parameters is unknown and is left to a future study. Its
amide groups) used for the basis (small molecule) ab initio inclusion involves adding empirical parameters to an a priori
MFP calculations consists of twealanine residues N-termi-  force field that would then lead to an imbalanced theoretical
nated with an acetyl group and C-terminated with a methyl treatment®

amide to form a total of three amide bonds, yielding a formula ~ The geometry of the model tripeptide was optimized
structure:  CH—CONH—CH(CH,—CONH—CH(CH.)— using constraints on the peptide main chdiny torsion
CONH—CH,. This “pseudo-alanine-tripeptide” molecule was ~@ngles. All peptide bonds were set to be planar taaws, »
used as a source of the force field and atomic tensors that were= 180°. Four conformations were simulated: right-handed
transferred to the larger oligopeptides studied. The structure @-helixand 3q-helix, left handed poly-proline Il (Proll or
mimics a segment of a polyalanine peptid chain and is 3-1)-like helix, and an extendegtsheet-like strand, which
analogous to the simpler “pseudo-dipeptide,” SHCONH— corrgsponds tq the .most common peptidg conformations
CH,—CONH—CH;, which we originally used to simulate the previously studied with VCD.The conformational param-
local contributions to peptide VCD spectra for different sec- eters used are summarized in Table |.

ondary structure conformatiofi.Thus the present model, For the geometry optimization and force field determi-
which explicitly incorporates chirak-carbons (on the-Ala nation, the Gaussian 94 program pacKdgeas used to
residues) and a “1-3” amide—amide interaction, should better COMpute second derivatives of the energy using DFT meth-
represent vibrational properties of common peptide chains. 0dS Wwith the BPW91 DFT functional and a standard
Vibrational interactions are dominated by local, mechanical 6-31G** basis sef"> APT and analytical second deriva-
through-bond coupling so that such a tripeptide model should tives of the energy which form the harmonic FF were
provide the most important contributions to the force field. We ©obtained for the optimized tripeptide geometries at this
presume that the tripeptide model even better describes thesame level of approximation. For the local férof the
atomic polar and axial tensors, properties that are assigned onlyAAT, which are needed for VCD simulaticif, **the HF/

to single atoms, but which are consequences of the bonding 6-31G level AAT values were used as obtained from cal-
and stereochemistry about that atom. Hydrogen bonding, tran- culations with the CADPAC program packageThe dis-
sition dipole coupling, and solvent effects could not be in- tributed origin gauge was used for the tripeptide, as we and
cluded in these calculations, in part due to limitations of our Others have previously done for smaller molecdifes?’
computational resources. Our previous simulafibref the The local AAT parameters were then combined with
spectral impact of hydrogen bonding and solvent interactions APT and FF tensors obtained from each of the DFT calcu-
imply that their effect on VCD spectra should be limited.* lations and transferred to a model “alanine-octapeptide,”

densed phasé8:°* Even at this reduced separation, the normal

* Test calculation®® on N-methyl acetamide (NMA) with two mode coupling does not seem to have a significant effect on the
hydrogen-bound waters in an Onsager reaction field show a de- calculated dipole derivatives.
crease in the amide | and amide Il band frequency separation to "The ¢, ¢ values for ap-sheet-like strand are taken as an
about 135 crm* from 215 cni* for NMA in vacuo. Such a large average of those for antiparallel and parafieshee€® since no
computed change is actually consistent with changes in the NMA major spectral differences between these two types are experimen-
amide | and Il frequencies seen between vapor piieaed con- tally established®
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Table Il Calculated Amide | Frequencies, and Dipole and Rotational Strengths for the Octapeptide in Four
Conformations®

H8 (a) E8 (8) G8 (3,9 P8 (Proll)
Mode v D R v D R v D R v D R
1 1744 64 -37 1728 28 -3 1735 45 -32 1736 16 10
2 1740 110 -62 1726 37 -3 1730 34 -29 1734 4 -8
3 1739 26 -26 1723 5 -6 1729 32 -13 1733 4 19
4 1736 40 -4 1717 13 4 1728 70 -23 1731 6  —48
5 1731 68 61 1712 1 -4 1726 111  -11 1728 42 273
6 1725 14 46 1707 14 2 1721 42 69 1725 152 60
7 1718 10 1 1704 6 -5 1715 9 14 1722 65 —247
8 1713 15 8 1703 274 2 1708 37 10 1720 2 —14

apincm %, D in 102 Debyé&, R in 10 7 Debyé. Note: in the cgs system bofh andR have the same unit (e5en¥); therefore we
use the atomic unit Deb¥dor both (in SI based atomic units tfieunit is Debye—Bohr magneton). This commonality of units relates to the
experimental measurement Afand AA having the same units.

CH;—CO—[NH—CH(CH,—CO},—NH—CH,. Geome- AAT "°~8lwere observed in terms of the overall accuracy of

try parameters to constrain the octapeptide to the four sec- simulated VCD spectra for selected small molecules. We

ondary structure types considered were the same as used foralso expect that alternate treatments of the VCD simulation,

the tripeptide species as specified in Table |, resulting in such as the vibronic coupling theory (VEf)model, may

four longer peptides which we refer to as H8, G8, P8, and give similar accuracy but could have different basis set

E8 for a-, 3,5 and Proll-helix ang3-sheet conformations.  sensitivity, a characteristic that might be probed in a future

A set of programs written in-house enabled us to introduce study with expanded computational resources.

various isotopic substitutions, compute the vibrational fre-

quencies and normal modes (diagonalize the FF), and com-

bine them with the APT and AAT parameters to calculate

the ir and VCD spectra of these systefsTheoretical RESULTS AND DISCUSSION

spectra were simulated using Lorentzian band shapes with

band widths of 20 cm* (FWHM) for each component, ~ Calculated spectra for oligomers create a huge num-

which results in an approximate correspondence to experi- ber of transitions, most of whose component bands

mentally observed spectral characteristics. are heavily overlapped with other transitions arising
Our experimental evidence indicates that VCD spectra from combinations of equivalent local modes. In

of regular structures of this length have virtually the same judging the efficacy of the calculations, simulated

band shapes (although in some cases a bit broader) and mosgpectral band shapes, whereby each component is

of the intensity per residue as found for a polypeptide of the given a realistic line width and summed to give the

. 274-77 _ =t
Si:fcgnfgrm;ﬂgﬁé a|sg?§teerf;i§tﬁ§]; lt?SthEeogbthiiiIir: resultant spectrum, are much more efficient than end-
d pernap | less tables of, D, andR values. Such full tables are

frequencies computed with the DFT FF are in general much ilable f h h A |
further from the experimental values than could be ac- available from the authors on request. As an example

counted for by length dependence alone. In summary, we Of the pattern resultipg from the coupling Of_ Eigh'F
view the shapes, as evidenced by sign patterns and relativelocal modes, the amide I'moc'je values are listed in
intensities, to be the primary test characteristics that deter- Table Il for the octapeptide in the four structures
mine the value of this simulation exercise. studied. These tables give an idea of the distribution

Calculated rotationalR) and dipolar D) strengths were of intensity in bothD andR, over the bands normally
obtained by transfer of APT and AAT values from the associated with the amide | that have a large compo-
tripeptide to the octapeptide structure using the techniques nent of amide €=0 stretching motion. It becomes
previously described in detdif. From these octapeptide clear, as has been noted previoudlySthat the bands
and R values the theoretical spectra were also simulated have significant dispersion (2030 éﬁ) even with-
using Lorentzians as was done for the tripeptides. . . . ’ .

out inclusion of perturbation due to H bonds or dipole

Apart from the inaccuracy stemming from the BPW91/ . . o
6-31G** approximation, we attribute the main errors in coupling, which speaks to the difficulty (and even

calculated parameters to neglect of solvent and hydrogen ill€gitimacy) in assigning a given frequency to a sin-
bonding, neglect of transition dipole coupling and use of the dle secondary structure ty$é€:° What becomes clear
harmonic approximation. Previously, only limited effects of is that a shift of the major intensity distribution among
the use of different approximation levels for computing the the components is responsible for much of the char-
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FIGURE 1 Simulated VCD spectra for the model alanine tripeptide in¢aklix, (b) B-sheet, (c)
3,q-helix, and (d) Proll helix conformations (calculations at the BPW91/6-31G**/HF/6-31G level).

acteristic secondary structure frequency response. Forconformations (Table 1) are illustrated in Figure 1.

example, for thex-helix amide I, the higher frequency
components have the highBrvalues for the 8 amide
| components, while for the sheet and Proll simula-
tions the lower frequency components are relatively
more intense. Thus while the E8 and G8 amide |
frequency distributions are both lower than that of H8,
the intense G8 component is more than 20 ¢m

The spectral shapes approximately correspond to the
results we previously obtained for just the dipeptide
model in these same conformatidisThe amide |
couplets for thex-helix and Proll conformations are
less conservative than for the dipeptide and evidence
distinct splittings, and the,3 couplet is more realistic
than for the dipeptide in shape, but not in intensity.

higher than the intense E8 component. In addition, the Linear Ala tripeptides normally do not have a stable

maximal R and D values do not occur for the same
component in a given conformation, which might be
expected from the dependenceRbn the magnetic
dipole contribution to the transition moment, and
leads to frequency shifts between dominant ir and
VCD bands.

Tripeptide

Ab initio, DFT BPW91/6-31G** (for FF and APT)/
HF/6-31G (for AAT) simulated VCD spectra over
much of the mid-ir region for the tripeptide in the four

structure, so a direct comparison of these (Figure 1)
results with experimental data for the molecules cal-
culated is not sensible. However, if the VCD is indeed
accurately modeled by primarily local interactions, as
implied by our oligopeptide length dependent exper-
imental data;”*~"%then comparison of these calcu-
lated tripeptide spectra to experimental results for
longer oligopeptides and polypeptides is a reasonable
test of whether this empirically established near-
neighbor property is evidenced in the calculations.
That was the procedure used in the previous dipeptide
papef® thus the comparisons discussed here reflect
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that same approach. Generally, the amide | tripeptide drogen bonds, and explicit solvent effects is beyond
computed VCD results are again in qualitative agree- our available computational resources for tripeptide
ment with experimental spectra having the correct DFT calculations. This is certainly an area for future
sign pattern (positive couplet for both thehelix work, especially given the impact of hydrogen bond-
and 3helix, negative couplet for the Proll helix, ing on the frequency separatihiOne potential em-
and weak but net negative VCD f@-sheet; note  pirical correction would be to transform the coordi-
the scale changes foB-sheet and Proll simula- nates to allow scaling of the amide 1480 stretch) to
tions)./12:48.74=77.83-8pjowever, at least in the Proll  get a more accurate splitting for comparison to exper-
case, there is qualitative disagreement with experi- imental spectra and more realistic mixing of local
ment in terms of the relative intensity of positive and amide | and Il type motions. (However, in a prelim-
negative lobes (experimentally the negative lobe is inary test for the amide | of peptides with coordinates
more intense). The intensities relative to the amide Il of the a-helix, no significant change in the predicted
are also more problematic, especially fqg-Belix. VCD band shape or intensity was found when scaling
As might be expected, greater differences between the G=0O FF to get reasonable amide | and Il fre-
the tripeptide (Ala-like) and dipeptide (Gly-like) sim- quencie$?) Similar difficulties in accurately calculat-
ulated spectra can be found for the amide Il modes ing nonamide €=0O stretching frequencies with DFT
that are naturally more affected by the bonding con- FF methods were observed in some previous VCD
figuration on thea-carbon, and apparently in these studies of small moleculé¥:*> Even worse amide |

calculations, by overlap with the Ala local GHie- and Il frequencies are found with the other popular
formation modes. The tripeptide calculation predicts density functional, B3LYP, often used for vibrational
an overall negative amide Il signal fer- and 3 simulations?®-88:89

helices, in accordance with experimental spettrd; Thus, for the conformationally most important

but more structure (splitting) and much less relative amide | and Il modes, we can conclude that the
intensity (for 3 ) are computed than seen experimen- computed spectra for the tripeptide (Ala) model are
tally. On the other hand, the amide Il band for the substantially consistent with the previous dipeptide
Proll-like model, obtained as a weak negative for the (Gly) results, the biggest impact being the Ala side
dipeptide, becomes highly split, which again is prob- chain interference with the amide Il vibrational
ably an effect of mixing with the Ckimodes. modes. These interferences are eliminated if one does
Vibrational frequencies for the amide | and amide a computation with substitution ef-CD; side chains
[l modes obtained directly from this DFT BPW91/6- (results not shown, see below). The amide Ill modes
31G** force field are closer to experimental values as are also encompassed in the spectra shown in Figure
compared to those obtained from the unscaled HF/4- 1 (~ 1200-1300 cm'). These are, as is consistent
31G FF used for the previous dipeptide computa- with experimental observatiori§ very weak in inten-
tions"® as is expected for DFT vs. HF resuffs.* sity and moreover are heavily overlapped with what
However, those earlier dipeptide calculations were appear to be side-chain modes, making them much
scaled before the published figures were prepared, soless easy to compare to experiment. It is interesting
the difference is not immediately evident. The DFT that the spectral region that encompasses the amide Ill
frequencies presented here are used without any scalis net positive for a-helix and net negative for
ing. The amide Il frequencies are in closer agreement B-sheet, in qualitative agreement with our recent ex-
with the experimental values, being low by only perimental resultd? Transitions at lower frequencies
10-30 cm?, while calculated frequencies for the were computed, of course, and as seen in Figure 1, are
amide | are about 80—100 ¢ high. This results in generally weaker than even the amide Il bands. Since
amide |-l separation being about 100 chioo large, no systematic experimental results are yet available
a difference from experiment that can be attributed for these lower energy bands, they will not be ad-
fundamentally to FF error coupled with the neglect of dressed further. However, these tripeptide simulations
solvent and hydrogen bonding in our simulations. suggest that, given the right solvent system, samples
Since such overestimations are also seen in N-meth-with longer path lengths (to compensate for the low
ylacetamide DFT calculatior® this is unlikely to be dipole and rotational strengths without having to dras-
due to neglect of dipole coupling. Overestimation of tically increase concentration) could yield measurable
the amide -l splitting may be an important factor VCD for these as yet unexplored transitions.
influencing the ultimate accuracy and applicability of .
these simulations since it will necessarily underesti- Octapeptide
mate the coupling of local motions contributing to Simulated octapeptide IR and VCD spectra for the
both modes. Addition of anharmonic interactions, hy- four conformations as obtained with transferred FF,
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FIGURE 2 Simulated ir absorption for the model alanine octapeptide im{aglix, (b) 3-sheet,
(c) 3,ghelix, and (d) Proll helix conformations obtained by transferring the FF and APT tensors

from the tripeptide determined as in Figure 1.

APT, and AAT parameters are shown in Figures 2 and
3, respectively, the latter providing a direct compari-
son to those of the tripeptide in Figure 1. The ir bands
show intense amide | and Il bands that are split by
more than 200 cm', twice as large as seen experi-
mentally. The main amide | peak for the sheet
strand is substantially lower in frequency and more

seen for the tripeptide simulations (Figure 1) get
smoothed out with the contributions from 8 transitions
overlapping. The relative intensities of the octapep-
tide Proll andB-sheet amide | vs amide Il VCD bands
also become more reflective of the experimental
amide [:II intensity ratios. The VCD amide | magni-
tudes, in terms oAA/A, are >10* for a-helix and

split than the other conformers, as noted earlier and asProll helix, and are much weaker fg8rsheets, also as

detailed in Table II, but is still far short of the ob-

served experimental splitting. However, the amide I
ir intensities, relative to those of the amide I, are
uniformly larger than observed experimentally for all
the conformations.

Most of the changes seen for the amide | and Il
VCD intensities in going from tripeptide to octapep-
tide simulations improve the agreement of simulated
spectra with experimental results. The amide | cou-
plets for the Proll,a-, and 3 helices all become
more conservative (Figure 3, positive and negative
lobes more in balance), and the detailed splittings

seen experimentally. These changes do not affect the
basic sign pattern determined by the short-range
amide—amide interaction already present in the tri-
peptide.

This apparent convergence of spectral properties
suggests that the octapeptide is long enough to pro-
vide a model-limited simulation of VCD band shape
features for peptide chains of arbitrary lengths. In
other words, going to, for example, 16 residues is
unlikely to change the band shape much at this level
of theory. For comparison, experimental VCD data
for several peptides with these characteristic second-
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FIGURE 3 Simulated VCD spectra for the model alanine octapeptide ia{a¢lix, (b) 3-sheet,
(c) 3,g-helix, and (d) Proll helix conformations by transferring FF, APT, and AAT parameters from
the results for the tripeptide (Figure 1).

ary structures are shown in Figure 4. The qualitative hydrogen-bondeg-strands. Experimentally, the ab-
agreement of the various simulations with the funda- sorption band forp-structures splits into a higher
mental character of the VCD band shapes is evident. frequency shoulder or minor peak (as high as 1690
The amide 1ll modes continue to be dispersed with cm™* for an antiparallel aggregate peptide) and a
side chain modes in the octapeptide simulations, hav- dominant lower-frequency bane<(630 cm %). This
ing a net positive fora-helix and net negative for  splitting is dependent on peptide length, uniformity,
B-sheet, in agreement with experimental results. We and on the interstrand H-bond and transition dipole
have also simulated the amide A{NH stretch) VCD interaction®®°293*These interstrand interactions could
and found it to have a negative couplet shape for both not be accounted for in our ab initio tripeptide calcu-
thea- and 3 -helix conformations, in agreement with  lation, where only a single strand, with typicg8-
early experimental observatiof$°*°*The simulated ~ sheet” torsional angles could be modeled. As can be
amide A VCD forB-sheet (negative) and Proll helix seen in Figure 2 this characteristic splitting is only
(positive) are computed to have a single sign, which is suggested in our a priori computed simgestrand
a very unusual VCD pattern for high dipole moment octapeptide ir spectra, and is significantly underesti-
transitions. However, these conformations lack good mated as compared to the experimental results for
comparative experimental data in the amide A band to anti-parallel sheets. Krimm and co-work&shave
confirm or refute such predictions. demonstrated that by use of transition dipole coupling
Comparison of theB-sheet form of the peptide with Miyazawa’s perturbation formuld$, a better
chain with experiment is quite problematic, since representation of the splitting foB-sheets can be
B-sheets in real systems are composed of multiple found. At present this is an empirical correction that
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FIGURE 4 Experimental VCD for comparison to the computed VCD in Figure 3 forfaglix:
poly-y-benzyl+-Glu (top), (Met-Leu)s (bottom); (b)B-sheet: (Lys—Leu) polymer under high salt
conditions (amide '+top), poly+-Lys at high pH and high temperature conditions (amide II—
middle), Immunoglobulin G (bottom); (c),3helix: (a-Me—-Val); (top), Aib,—L-Leu-Aibs (bottom);
and (d) Proll helix: (Pro), (amide [—top), poly+-Lys (bottom).

must be added to the force field as an adjustable lowest and highest frequency amide | modes for the
parametefP’®® A priori simulation of the peptide ina  B-sheet octapeptide. The direction of the transition
more complete, multiple stran@;sheet conformation  dipole moment resulting from these motions for the
should be done first, including intra- and interstrand higher frequency amide | modes is approximately
interactions, before adding empirical corrections. parallel to theB-sheet strand axis while that for the
Computations for a relatively large two-stranded oli- lower frequency, more intense (dipolar, ir) modes is
gopeptide fragment would be very complex at the ab approximately perpendicular to the peptide strand
initio level and for now must be left to the future. axis. This exactly follows well-established ir polar-
The relatively lowp-sheet amide | frequency as ization properties fog-sheet polypeptid€s with the
compared to other secondary structure types is qual-intensity centered on the band components at the
itatively reproduced in our calculations, showing that extremes of the frequency in contrast to the helical
this characteristic ofg-sheets is due to theé, ¢ cases where the intensity is more clustered in a few,
conformational character and not solely to H-bond close-lying components.
strengths as has been often suggested. Moreover, the As for VCD, the B-sheet example also has a dif-
nature of each of the normal modes can be investi- ferent distribution of rotational strengthR), as com-
gated, by plotting the dynamic displacements for the pared to the helical patterns (Table II). TAessheetR
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values are all uniformly very small and sum to a becomes a 3-featured—( +, —) band shape for
negative value. However, the most intense (ir) band N—D. Isotopic substitution is easily modeled in the
component, the lowest frequency one, actually createsharmonic approximation since same force field,
a positive VCD contribution resulting in a shift of the atomic axial, and atomic polar tensors can be used as
maximum negative VCD intensity from the ir peak. for the unsubstituted molecule. Only the masses need
Such patterns have been seen experimentally, evi-to be altered before the normal mode computation.
denced as band shape distortions, but the positive Simulated VCD spectra of the N-deuterated oc-
distortion may also occur on the higher frequency side tapeptides are plotted in Figure 5. While the amide |
of the band. By contrast, the helical patterns have 2 or vibrational frequency is not significantly changed by
more intense (higiR value) modes that are opposite the deuteration, only & 5 cm™* shift was computed

in sign. In Proll-like helices they tend to alternate (note this is without hydrogen bonds, i.e., these
with increasing frequency, with two very large but changes are only due to differences in local mode
overlapping transitions yielding the negative couplet, mixing), the amide Il frequency does shift down sub-
while for thea- and 3 shelices, the higher frequency  stantially, ~ 80 cm %, to become the amide 'llin
modes tend to be negative and the lower frequency accord with experimental observations. The amide |
ones positive, leading to a positive couplet. The un- VCD band shapes are qualitatively the same as for the
usual nature of th@-sheet results suggested that twist undeuterated case, but the intensities change some-
of the sheet might be important. Therefore, we carried what. The 3,amide I is much weaker than the amide
out two additional calculations by adding a twist of II" VCD, that of the Proll becomes more positive, and
about 10° per residue, one right and the other left- the B-sheet loses its splitting and consequently be-
handed in sense, to the extended sheet-like conforma-comes more negative (relative peak intensity). The
tion. These twists caused no significant changes in the characteristic 3-peak amideVWCD for a-helices was
relative intensity distribution from that shown in Fig- not seen in these calculations, implying it may depend
ure 3 for the amide Il and IIl bands as well as those on hydrogen-bond interactions (internal to the helix).
lower in energy. However, the amide | VCD did The amide Il VCD is in some cases obscured by
change a bit. While remaining overall net negative, overlap with the CH deformations, which conse-
the right-twisted strand is computed to have an amide quently makes its VCD band shape hard to interpret,
| VCD with two negative bands (lower frequency but overall the amide 11VCD has the same sign
component more intense) but the left-twisted has a pattern as does the amide II.

positive couplet corresponding to the lower frequency
absorption component, which would make the appar-

ent VCD higher in frequency than the absorbance Deuteration of Side Chains, CH; — CD;

maximum. We have measured sygitsheet VCD for
selected oligopeptides in solutiSfThe overall lack
of well-definede, iy angles for thg3-sheet conforma-

In order to clarify the influence of the alanine side-
chain vibrations on the computed VCD spectra, we
“perturbed” the sequence by deuteration of the methyl

tion and the shallowness of this region in a Ram- groups in the octapeptide. The simulated spectra com-
achandran map suggest that this is an unsettled prob-puted for the four conformations, with isotopically
lem. Eventually it may be necessary to simulate induced shifting of interfering side-chain vibrations,
B-sheet VCD by averaging results for an ensemble of are shown in Figure 6. These spectra provide the most
conformations. clear comparison to the experimental amide | and I
spectra (Figure 4) where, in fact, the side chains,
make little contribution.*¢**Presumably in real het-
eropolymers, the side chains might be expected to
Deuterated solvents, particularly,O, are often used  contribute little to the VCD, due to their variation in
for VCD experiments for the convenience of reducing the sequence and to the variety of geometries avail-
interfering absorptions. For peptides and most pro- able to their flexible open chains. By contrast, in our
teins this leads to an H/D exchange of the amide calculations all the side groups areCH; and are
N—H bonds to a degree of completeness determined rigidly repeated (uniform conformation), which can
by the fold pattern. Experimentally, complete ex- lead to artificially enhanced coupling compared to that
change results in a shift of the amide Il down in found for heteropolymers with rotating side chains.
frequency by~ 100 cm *. The VCD pattern of the ~ These CRQ-based computed spectra are also closest in
amide | (now termed’) is not affected very much by  band shape and nature to those presented in our orig-
N-deuteration, except for the-helix case where the  inal work*® for the dipeptide model system where we
N—H positive couplet pattern, —, low to high) employed pseudo atoms (of mass 30 or 15) to mimic

N—H Deuteration
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FIGURE 5 Simulated VCD spectrum for the model alanine octapeptide withHN— N—D
exchange of the amides in (ajhelix, (b) B-sheet, (c) 3;-helix, and (d) Proll helix conformations

by transferring FF, APT, and AAT tensors from

the effect of the peptide chain continuation and of the
side chains. There is little qualitative change from
Figure 3 in the octapeptide spectral patterns for the
amide | and amide Il vibrations. The-helix result
remains in good agreement with experimental pat-
terns. TheB-sheet amide | remains split (though still
not enough) and its amide Il is now a clear negative
couplet (free of interference) yet still weak in inten-
sity, as seen experimentally. Thegselix amide 1l
relative intensity is improved, as compared to exper-
iment. However, the Proll amide | band shape is
worse, becoming too positive, more like the tripeptide
(Figure 1) result, but its amide Il has very little
intensity in agreement with experimental VCD data
for coil-like peptides thought to mimic the Proll con-
formation/"*"“Larger changes do occur, however, in
the lower frequency region involving the amide IlI
vibration, since the CDmodes overlap there. Since,
for practical reasons, the measurement of protein
VCD spectra is mostly restricted to the amide | and Il

the results for the tripeptide (Figure 1).

frequency region and since side chains contribute
little to those transitions, these results (Figure 6) are
the most generalizable to other sequences.

Site-Specific Carbon 13 Substitution

Spectroscopy of isotopically labeled peptides can dra-
matically enhance conformational sensitivity of vibra-
tional spectroscopy by giving it a site-selective char-
acter that is beyond the normal resolution limitations
of ir, Raman or VCD spectroscop$:>>°¢*“The pri-
mary effect explored to date is substitution'd€ on

the amide &0 which results in a shift of the amide

| to lower frequency by~ 40 cmi *. Extension of this
capability to VCD spectra was experimentally dem-
onstrated recently for alanine-riefthelical oligopep-
tides labeled with®*C substituted in the carbonyl
group?® Theoretical modeling not only aids in reli-
ably interpreting measured VCD data, which is still
substantially overlapped, but can also indicate in ad-
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FIGURE 6 Simulated VCD spectrum for the model alanine octapeptide with, GH CD,

exchange of the alanine side chain in apelix,
conformations.

vance which would be the most interesting isotopic
substitution to study and thus rationalize which syn-

(b) B-sheet, (c) 3;-helix, and (d) Proll helix

However, the shifts and overall band profiles do de-
pend on the position of the labels in the peptide chain,

theses of the labeled species would be most interest-with the N-terminal label yielding a more resolved

ing and yield the most structural insight.

Introduction of two*°C labels into various posi-
tions of the carbonyl groups of the octapeptide in an
a-helical conformation was modeled. Two labels
were chosen both to mimic the experiments d8ne
and because our dipeptide VCD simulations had in-
dicated that coupling of two peptides would have
conformationally distinctive VCD. The absorption
spectra fora-helical octapeptides labeled with an
N-terminal, and C-terminal pair of°C substitutions
are shown in Figure 7 (left). The effect of these

shoulder than on the C-terminal, somewhat, as is seen
experimentally’” The N-terminal substitution also
causes a bigger decrease of the maximum intensity of
the amide | band (th&C contribution), by about 27%

as compared to the unsubstituted compound, while the
intensity drop for the C-terminal substitution is only
19% (due, in part, to less splitting).

The analogous isotopically labeled simulated VCD
spectra are in Figure 7 (right). THEC spectral side
bands have the same shape as the nf4@) feature, a
positive couplet, but are more or less resolved depending

substitutions can be observed in the amide | region ason the position of the label. Preliminary experimental

the appearance of a smaller band shifted by approxi-

mately 40 cm?® toward lower frequencies. From
comparison with Figure 2a, there is little impact upon
the amide Il and Ill modes for these substitutions.

results for twa"*C-labeled residues in a 17-mer indicate
that N-terminal labels yield a detectable helical-like side
band in VCD but that C-terminal labels do 8tThis

sort of conservation of the conformation-specific pattern
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FIGURE 7 Simulated ir absorption (left) and VCD (right) spectrum for the model alanine
octapeptide in anx-helical conformation with substitutions at the (a) N-terminal (2,3), and (b)
C-terminal (6,7) positions by transferring FF, APT, and AAT parameters from the results for the
tripeptide (Figure 1).

under isotopic substitution can be also seen in Figure 8, CONCLUSIONS
where simulations of the ir (left) and VCD (right) are
compared for four conformations of the octapeptide with VCD band shapes for oligopeptides have been
the 3,4 position$*C labeled on the €-O of the amide. shown to characterize the dominant secondary
This substitution was chosen to correspond to the ex- structure conformational type. These computational
perimentally studied sequence -AY—A'A’KAA— results confirm that the major contribution to the
(AAKAA) ,H—NH,, which is highly a-helical at low VCD band shape is local in nature—primarily due
temperatured’ The calculated isotopic splitting of 42  to interactions between nearest neighbor amide
cm™* corresponds well to the value of 37 chfound groups. Our success at simulating the ir and VCD
experimentally. The predicted decrease of the maximum spectra of the major peptide conformational types is
absorption intensity by 25% corresponds roughly to mitigated by two flaws in the simulations. The
what has been seen experimentaiiparticularly if the frequencies, particularly of the amide |, are off by
differing number of the amide groups in our octapeptide ~ 100 cmi !, more than a minor correction. Pre-
and in the experimental compound (17-20 residues) is liminary tests suggest that hydrogen-bond forma-
taken into account. tion, while shifting the amide | down and amide Il
From these results we can predict that introduction up in frequency, only partially explains the differ-
of such an isotopic probe into a peptide/protein chain ence of the computed and experimental amide |
will result in the band shape of the VCD spectrum frequencies. Second, relative amide | and Il VCD
providing unigue information about the local confor- intensities are off, but this may relate more to APT
mation at the site-specific location of the probe. By and FF errors than to the accuracy of the VCD
contrast, the shift of the FTIR band does not uniquely simulation method, since relative amide | and Il ir
specify the conformation due to the various environ- intensities also are off. These latter disagreements
mental perturbations that can affect frequency. Thus are modest and are highly susceptible to features of
such isotopically site-specific VCD offers the poten- the model (size of the oligopeptide, transferred
tial of a new structural tool for peptide research. couplings, band shape parameters used in the sim-
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FIGURE 8 Simulated ir absorption (left) and VCD (right) for the model alanine octapeptide with
the G=0 positions 3,4 (from N-terminal) substituted witfiC in (a) a-helix, (b) B-sheet, (c)
3,q-helix, and (d) Proll helix conformations by transferring FF, APT, and AAT from the results for
the tripeptide (Figure 1).

ulation). Further development of the computational chain interaction. By contrast, the 1-3 amide—amide
tools, perhaps by employing ab initio calculations interaction does not lead to a change of the basic VCD
for a larger basis molecule than the tripeptide used patterns in the analytically most significant frequency
here and inclusion of relevant hydrogen bonding, or ranges, but results in fine splittings and frequency
even transition dipole coupling corrections to the shifts of spectral bands. This further supports the
force field, with newer codes and larger computers, rationale of transfer of property tensors from oli-

then offers the distinct possibility of simulating gopeptides to simulate spectra of polypeptides and
spectra for polypeptides with multiple conforma- proteins. The dominance of local interactions further-
tions. Given control over relative frequencies of the  more allowed the simulation to be an efficient tool for

features, perhaps by selectively scaling FF param- anajysis of VCD of the site-specifically isotopically
eters specific for internal coordinates, it is likely |5peled peptides.

that this approach will provide new insight into the

deconvolution of ir and VCD b.and shapes in terms The work was supported by the Grant Agency of the Czech
of secondary structure analysis. o Republic (grant number 203/97/P002 to PB) and in early

Although the nearest-neighbor amide—amide inter- siages by the NIH (GM30147 to TAK). Computations were
action is the dominant, pattern-determining source of performed at the Supercomputer Center in Prague and at the
the VCD band shape corresponding to a specific con- UiC Computer Center. We wish to thank Prof. Sean Deca-
formation, quite a substantial computed contribution tur, Mt. Holyoke College, for prepublication copies of his
for the amide |l signal also arises from the amide/side work and extensive discussion of tHéC isotope-edited
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